Semiconductor deep-ultraviolet (deep-UV) light sources based on III-nitride light-emitting diodes (LEDs) have been intensively investigated because of their potential applications, including air and water purification, germicidal and biomedical instrumentation systems, and ophthalmic surgery tools[@b1][@b2][@b3]. Although researchers have reported deep-UV LEDs at a wavelength of 280 nm with IQEs as high as 70%[@b4], the adoption of deep-UV LED technology is still hindered by the relatively low efficiency of these devices, which are limited by low light-extraction efficiency (LEE) caused by total internal reflection and dominant TM-polarised spontaneous emission[@b5][@b6][@b7].

To improve the LEE of LEDs with emission wavelengths longer than 300 nm, numerous approaches have been developed, such as photonic-crystal LEDs[@b8][@b9][@b10], patterned substrates[@b11][@b12], and integrated microlens arrays[@b13][@b14][@b15]. However, these methods can lead to a reduction in only the total internal reflection caused by the high refractive index. For deep-UV LEDs using Al*~x~*Ga*~1-x~*N (*x* \> 0.25) as active layers, the most dominant emission will be photons with polarisation parallel to the crystal axis (E‖‖*c*), implying that deep-UV photons will propagate parallel to the active layers of LEDs[@b16][@b17]. Thus, to improve the LEE, those surface modification methods described above are less effective for the AlGaN based deep-UV LEDs than for LEDs with longer emission wavelengths. Recently, we have reported a surface-plasmon-enhanced (SP-enhanced) deep-UV LED structure using a thin layer of aluminium to enhance the LEE of deep-UV LEDs[@b18]. Unlike the conventional SP-quantum well (SP-QW) coupling of GaN-based LEDs in the visible region[@b19][@b20], the LEE of LEDs is enhanced by drawing TM-polarised spontaneous emission from the devices. However, this structure is not the optimal structure for the enhancement of the LEE of deep-UV LEDs. For the acquisition of high-LEE deep-UV LEDs using the SP-coupling method, localised surface plasmons (LSPs) offer greater advantages than SPs. The first reason for the greater utility of LSPs in these devices is that the thin aluminium layer can only couple to a TM wave parallel to the surface of the device. For a TE wave propagating in the direction parallel to the device surface, SP coupling does not occur. Meanwhile, for a wave in the escape zone generated in the active layer, photons must penetrate through the aluminium layer and then be emitted from the top surface of the device. When the thickness of the aluminium layer is 6 nm, the photon energy will be reduced to approximately 40% of its initial energy. The second reason is that SPs can only effectively couple with photons and radiate into photons when their momentum is properly matched with that of the photons. Thus, the surfaces of the LEDs must not be perfectly flat[@b21]. However, a flatter top surface generally indicates a higher IQE because of the relatively low density of crystal defects. It is well known that *η~EQE~* = *η~IQE~* × *η~LEE~*. Therefore, it is difficult to fabricate deep-UV LEDs of high external quantum efficiency using a structure with a thin aluminium layer for SP coupling.

In comparison with SP-coupling LEDs, LSP-coupling LEDs offer considerable advantages. First, the LSP mode can effectively couple to TE waves, TM waves and waves perpendicular to the device surface. Second, the LSP mode has a broad momentum spectrum and can easily match the momentum of all photons generated in the active layer of LEDs. It can therefore couple to photons and radiate photons more effectively. Third, the study of Chuang *et al.* has demonstrated that LSP coupling can be more effective than SPP coupling in emission enhancement because the latter coupling has a higher dissipation rate near its resonance energy[@b22]. However, for the relatively high refractive index of GaN-based materials, aluminium nanoparticles (NPs) of relatively small size that can generate LSPs when coupled to deep-UV emission must be fabricated on the LED structures[@b23][@b24].

Because metal Al is very easily oxidised in air, the resulting native oxide layer will prevent the surface migration of Al atoms on the substrate; thus, the annealing procedure that is generally used to fabricate self-assembling noble-metal NPs cannot be applied for fabricating Al NP arrays. The fabrication of Al nanostructures has been reported using extreme-ultraviolet (EUV) interference lithography[@b25] and nanosphere lithography[@b26]. However, these methods are either expensive or incapable of producing high-density Al NPs. It has been reported that the oblique-angle deposition method can be used to fabricate NPs of controllable feature size and density by varying the deposition angle[@b27]. In this manner, additional photolithography and annealing steps for nanoscale patterning can be eliminated.

In this paper, we report the implementation of an LSP-enhanced deep-UV LED using Al nanoparticles (NPs) fabricated on top of the LED for LSP coupling. Small, size- and density-controlled Al NPs were fabricated using the oblique-angle deposition method. Photoluminescence (PL) measurements clearly demonstrated that the LEE of such deep-UV LEDs can be enhanced by the coupling of light waves to the LSPs generated in the Al NPs. For LSP-enhanced deep-UV LEDs with Al NPs deposited at a 60° angle, a maximum 10-fold top-emission (epitaxial-layer side) electroluminescence (EL) enhancement at a wavelength of 268 nm and a maximum 2.8-fold bottom-emission (sapphire-substrate side) EL enhancement at a wavelength of 291 nm were achieved. The difference in the top- and bottom-emission wavelengths can be attributed to the substrate-induced Fano resonance effect of the Al nanoparticles[@b28][@b29][@b30]. The bottom-emission enhancement of the deep-UV LEDs was then optimised using Al NPs deposited at a 75° angle; a maximum 5.1-fold bottom-emission EL enhancement at a wavelength of 287 nm was achieved. The bottom-emission peak-intensity-enhancement ratio increased from 1.36 to 2.75 when the deposition angle was increased from 60° to 75°.

Results
=======

[Figure 1a](#f1){ref-type="fig"} shows a schematic diagram of the deposition of Al NPs on deep-UV LEDs. The Al NPs were deposited directly onto the top surfaces of the complete structural deep-UV LEDs using the oblique-angle deposition method. Top-view SEM images of Al NP arrays of different feature sizes are presented in [Fig. 1b--d](#f1){ref-type="fig"}. The NP arrays were obtained via the deposition of 6 nm Al on a complete structural deep-UV LED at angles of b) 45°, c) 60° and d) 75°. It is evident that the size of such Al NPs can be controlled by varying the deposition angle. The average sizes of the NPs that were deposited at 45°, 60° and 75° angles were approximately 22, 16 and 11 nm, respectively. The densities of the NPs that were deposited at 45°, 60° and 75° were 2.5 × 10^11^, 5.0 × 10^11^ and 7.7 × 10^11^/cm^2^, respectively.

[Figure 2](#f2){ref-type="fig"} displays the typical room-temperature PL spectra of deep-UV LED samples without Al NPs (sample A) and with Al NPs deposited at 45° (sample B), 60° (sample C) and 75° (sample D). The PL spectrum of sample A contains a strong emission peak at approximately 282 nm and a weak emission peak at 365 nm, which represent the emission of the MQWs and the GaN capping layer, respectively[@b18]. However, for samples B, C and D, the emission peaks of the MQWs were blueshifted by 2 nm to 280 nm. The spectral blueshift of the samples with Al NPs indicates the existence of an LSP coupling process[@b31]. The emission peak of sample A at 282 nm is normalised to 1. It is evident that the peak PL intensities of the MQW emission were enhanced to 241%, 329% and 283% for samples B, C and D, respectively. The PL-enhancement ratios of the Al-NP-deposited LEDs are larger than that of planar Al-film-deposited LEDs[@b18], thus demonstrating that LSPs are more effective than SPs in LED enhancement. Sample C exhibited the largest enhancement, while the enhancement of sample B was the smallest. When the SEM images of the samples shown in [Fig. 1b--d](#f1){ref-type="fig"} are taken into consideration, it can be deduced that Al NPs of moderate size offer the strongest coupling to the emission of deep-UV LEDs. The size of the NPs affects the PL intensities in two respects: the coupling strength and the radiative recombination rate. Typically, smaller NP sizes will lead to shorter coupling wavelengths[@b32]. When the coupling wavelength is closer to the wavelength of the photons generated in the MQWs of the deep-UV LEDs, the coupling strength will be stronger. However, smaller NP sizes will lead to smaller radiative recombination rates[@b33]. Thus, for deep-UV LEDs with relatively short emission wavelengths, Al NPs of moderate size will produce the strongest PL enhancement.

Because the PL enhancement ratio of sample C was the largest, we measured the EL spectra of sample C. [Figure 3a](#f3){ref-type="fig"} depicts the top-emission EL spectra of sample A and sample C and the enhancement ratio that represents their relative intensities at an injection current of 15 mA. Here, it is apparent that strong emission at a wavelength of approximately 279 nm, representing the band emission of the MQWs, was present in both samples. The emission enhancement caused by the Al NPs is shown as a function of wavelength. The enhancement ratio increased at shorter wavelengths, with a value of approximately 10 at approximately 268 nm. At the primary emission wavelength, 279 nm, the EL intensity was enhanced to approximately 614%, demonstrating that the top emission of deep-UV LEDs can be enhanced via LSP coupling using Al NPs. The line shape of the enhancement ratio is highly asymmetric, with a steeper slope toward the blue region than toward the red region, indicating that there should be another peak at a longer wavelength (centred at approximately 285 nm). A shoulder centred at approximately 350 nm can also be found in the enhancement-ratio spectrum.

When LSPs are generated via coupling with the light generated in MQWs, they will recombine and generate photons. Photons can be generated at the Al-NP/air interface, leading to top emission. Photons can also be generated at the Al-NP/GaN interface, leading to bottom emission. [Figure 3b](#f3){ref-type="fig"} shows the bottom-emission EL spectra of sample C and sample A at an injection current of 15 mA. For sample A, the primary emission wavelength remained at 279 nm, while for sample C, the primary emission wavelength underwent a redshift to 286 nm. Unlike the top-emission EL spectra, the enhancement ratio exhibits a relatively symmetric peak at approximately 291 nm with a value of 2.80 and a very weak shoulder at approximately 273 nm. It should be noted that another band centred at approximately 370 nm is also apparent in the enhancement ratio.

To illustrate the physical origin of this phenomenon, in [Fig. 4](#f4){ref-type="fig"}, we present the near-field behaviour calculated using an FDTD simulation. From the inset in [Fig. 1c](#f1){ref-type="fig"}, it can be seen that the shape of the Al NPs was polygonal rather than hemispherical. For simplicity, we chose Al NPs with a cube shape for the FDTD simulation ([Fig. 4a](#f4){ref-type="fig"}). [Figure 4b](#f4){ref-type="fig"} shows the scattering spectra for a 16 nm Al/Al~2~O~3~ core/shell nanocube on a dielectric substrate. There are three peaks in this spectrum at 233 nm (peak I), 283 nm (peak II) and 347 nm (peak III). Thus, the three peaks/shoulders observed in the top- and bottom-emission enhancement ratios correspond to these calculated peaks. The wavelength difference between the experimental results and the simulation can be attributed to the microstructural differences between the actual Al NPs and the structure used for the simulation. In [Figs. 4d--f](#f4){ref-type="fig"}, the electric-field amplitude distributions outside the cube at the scattering peaks I, II and III are shown. Similar to previously reported results[@b34], the blue mode I is oriented predominantly toward the vacuum side, while the red modes II and III are oriented toward the substrate. Zhang *et al.* have proven that such asymmetric plasmon modes are a substrate-induced Fano resonance effect[@b28]. When the LSPs of resonance modes I, II and III recombine, they produce the far-field radiation patterns shown in [Figs. 4g--i](#f4){ref-type="fig"}. The far-field radiation toward the air is shown in all three figures. Thus, the LSPs associated with modes I, II and III are all evident in the enhancement ratio of the top emission. For the back-emission situation, when the light is generated by the recombination of the LSPs of mode I, the radiation fraction directed back into the substrate is greatest at larger angles. In this case, the light directed back into the LEDs would be totally reflected because of the different refractive indices of the LEDs and the sapphire. However, for the radiation patterns of the LSPs of modes II and III, the proportion of radiation close to the normal, which is the centre of the escape cone for the back emission, is much higher than that for mode I. Thus, the light generated by the recombination of the LSPs of modes II and III can be more easily extracted from the back side of the LEDs.

Because of the absorption in the top p-GaN contact layer used in deep-UV LED designs, the bottom emission is the more commonly used light-output structure. Thus, the bottom-emission enhancement is more important than the top-emission enhancement. As seen from [Fig. 3b](#f3){ref-type="fig"}, the ratio of the primary-emission-peak intensity of sample C to that of sample A (at 286 nm and 279 nm, respectively) was approximately 1.36, indicating that the deposition of Al NPs on the top surface of deep-UV LEDs can improve the bottom emission of the LEDs, although the emission wavelength will exhibit a redshift. For the bottom emission of sample C, the wavelength of the maximum enhancement ratio was approximately 291 nm, which is 12 nm longer than the primary emission wavelength of the MQWs. The theoretical simulation indicated that the wavelength of mode II will blueshift when the size of the cube decreases ([Fig. 4c](#f4){ref-type="fig"}). Thus, we chose the smaller Al NPs, which were deposited at a 75° angle, to further optimise the bottom emission of the deep-UV LEDs.

[Figure 5a](#f5){ref-type="fig"} shows the bottom-emission EL spectra of sample D and sample A and their relative enhancement ratio at an injection current of 15 mA. Compared with sample A, the primary emission wavelength of sample D underwent a redshift to 284 nm. The wavelength of the maximum enhancement ratio was approximately 287 nm, with an enhancement ratio of 5.14. The ratio of the primary-emission-peak intensity of the LED with Al NPs to that of the LED without Al NPs (at 284 nm and 279 nm, respectively) was approximately 2.75. In comparison with sample C, the wavelength of the maximum enhancement ratio was closer to the primary emission wavelength of the MQWs (8 nm longer). The coupling strength of the mode II LSPs was stronger for sample D than for sample C, which is why the maximum enhancement ratio and the ratio of the primary-emission peak-intensity of the LED with Al NPs to that of the LED without Al NPs were larger for sample D than for sample C.

The current versus the applied voltage (*I-V* curves) of samples A and D are shown in [Fig. 5b](#f5){ref-type="fig"}. Sample D exhibited a smaller turn-on and a larger current than sample A at the same voltages. This result is very similar to the results reported by Yeh *et al.*[@b35].

Discussion
==========

In summary, the output power of deep-UV LEDs can be promisingly enhanced when the light waves generated in the MQWs are coupled to LSPs, which were generated on Al NPs on the devices investigated here, for both top- and bottom-emission applications. With an injection current of 15 mA, EL peak-intensity enhancements of up to 6.1-fold for top emission and 1.4-fold for bottom emission were achieved when Al NPs were deposited at a 60° angle. A maximum 10-fold top-emission enhancement at a wavelength of 269 nm and a maximum 2.8-fold bottom-emission enhancement at a wavelength of 291 nm were observed. The difference in the maximum-enhancement wavelengths can be attributed to the substrate-induced Fano resonance effect of the polygonal Al NPs. The bottom-emission LSP enhancement of the deep-UV LEDs was then optimised using smaller Al NPs deposited at a 75° angle. A maximum 5.1-fold bottom-emission EL enhancement at a wavelength of 287 nm was achieved. The emission-peak-intensity enhancement ratio increased from 1.36 to 2.75 when the deposition angle was increased from 60° to 75°. We believe that if the wavelength of the plasmon mode oriented toward the substrate can be brought closer to the primary emission wavelength by regulating the size and shape of the Al NPs, the emission-peak intensity will be further enhanced and exhibit a smaller wavelength shift.

Methods
=======

Sample fabrication
------------------

Complete structural deep-UV LED samples were grown on a sapphire (0001) substrate via metal-organic vapour-phase epitaxy (MOVPE) in a vertical Thomas Swan system (3 × 2-inch CCS Aixtron). The sources were trimethylgallium (TMG), trimethylaluminum (TMA), trimethylindium (TMI), and ammonia (NH~3~), and H~2~ was used as the carrier gas. Silane (SiH~4~) and bis-cyclopentadienylmagnesium (Cp~2~Mg) were introduced during growth for n-type and p-type doping, respectively. A 1-μm-thick undoped AlN buffer layer and a 1.5-μm n-type Al*~0.5~*Ga*~0.5~*N layer were grown on the substrate. An AlGaN MQW array, which consisted of three periods of 5-nm-thick Al*~0.35~*Ga*~0.65~*N wells and 10 nm thick Al*~0.45~*Ga*~0.55~*N barriers, was subsequently grown. Finally, an 80-nm-thick p-type Al*~0.5~*Ga*~0.5~*N layer and a 10-nm p-type GaN capping layer were deposited on the MQWs. Subsequently, a 6-nm-thick Al layer was evaporated on the top of the wafer surfaces by a vacuum electron-beam (E-beam) deposition system (VPT CITATION ITM) using the oblique-angle deposition method to perform PL and SEM measurements. The apparatus used for the oblique-angle deposition has a sample stage with controllable polar-angle rotation, on which the LEDs were loaded. For each sample, the sample stage was held at a fixed polar angle to ensure that the sample was oriented at a certain tilt angle with respect to the vapour-flux direction: 45°, 60°, and 75° for samples B, C, and D, respectively. Prior to the EL measurements, the samples were first subjected to rapid thermal annealing (RTA 300) in an N~2~ atmosphere at 850°C for 600 s. Then, the n-type contact was etched 400 nm down to the n-Al*~0.5~*Ga*~0.5~*N cladding layer in an n-type mesa structure using the inductively coupled plasma (ICP, Oxford Plasma Lab System 100) technique. Via standard photolithography, E-beam deposition and lift-off processes, Ti/Al/Ti (30/200/5 nm) and Ni (40 nm) were deposited to form n-contact and p-contact electrodes, respectively, which were then annealed at 850°C for 90 s in an N~2~ atmosphere and at 400°C for 600 s in an air atmosphere. Finally, Al NPs were evaporated onto the completed LED devices via oblique-angle deposition.

Measurements
------------

The surface morphologies of the samples were investigated using a field-emission scanning electron microscopy (SEM, Hitachi S-4800) system. PL measurements were conducted at room temperature by exciting the MQWs with a 248 nm KrF laser. The measurements were performed from the top sides of the LEDs (Al-NP/epitaxy-layer side). The luminescence was measured using a spectrometer (Avaspec-2048 × 14). EL measurements were performed at room temperature in cw operation mode (TTECH DC SOURCE METER) and measured using a spectrometer (Avaspec-2048 × 14) from the top sides and the bottom sides of the LEDs.

### FDTD simulations

From careful observation of the SEM images shown in [Fig. 1](#f1){ref-type="fig"}, it is apparent that the Al NPs were polygonal rather than hemispherical. For simplicity, we chose a cube shape to simulate the plasmon modes of the Al NPs. Considering that the penetration depth of the SP fringing field into the semiconductor was approximately 45 nm, which is larger than the thickness of the GaN capping layer, the effective refractive index of the semiconductor layers below the Al NPs should have been a value between the refractive index of GaN and that of Al~0.5~Ga~0.5~N. Thus, the refractive index of the substrate was taken to be 2.4. The side length of the nanocube was chosen to be 16 nm to match the microscope parameters. Unlike noble metals, Al rapidly oxidises when exposed to the atmosphere, forming a thin Al~2~O~3~ layer that prevents further attack by oxygen[@b36]. Thus, the nanocube was defined as a 10 × 10 × 10 nm Al core within a 3-nm alumina shell ([Fig. 4a](#f4){ref-type="fig"}). The incident wave was launched from a box around the NPs to simulate a plane wave propagating from the infinite half-space substrate in the total-field scattered-field formulation with a polarisation parallel to the cube edge.
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![Schematic illustration and top-view SEM images of the oblique-angle deposition of Al NPs.\
(a) Schematic illustration of oblique-angle deposition on complete structural deep-UV LEDs. (b--d) Top-view SEM images of Al NPs deposited on LEDs with deposition angles of 45°, 60° and 75°, respectively.](srep04380-f1){#f1}

![Photoluminescence measurements.\
PL spectra of deep-UV LED samples without Al NPs (black line) and with Al NPs deposited on the top surfaces at 45° (red line), 60° (blue line) and 75° (green line).](srep04380-f2){#f2}

![Electroluminescence measurements.\
(a) Top-emission EL spectra of deep-UV LED samples without Al NPs (black line) and with Al NPs deposited on the top surface at 60° (red line) as well as the enhancement ratio between them (blue line). (b) Bottom-emission EL spectra of deep-UV LED samples without Al NPs (black line) and with Al NPs deposited on the top surface at 60° (red line) as well as the enhancement ratio between them (blue line).](srep04380-f3){#f3}

![FDTD simulations.\
(a) Schematic diagram of the structure for the FDTD simulation. (b) Normalised scattering spectrum of the Al/alumina core/shell nanocube depicted in Fig. 4a. (c) Normalised scattering spectrum of a smaller nanocube with an 8 × 8 × 8 nm Al core within a 3-nm alumina shell on the same substrate. (d--f) Electric-field amplitude for the structure depicted in Fig. 4a at peak I (233 nm), peak II (283 nm) and peak III (347 nm). The incident light is polarised parallel to the cube edge. (g--i) Far-field radiation patterns of peaks I, II and III, respectively.](srep04380-f4){#f4}

![Electroluminescence measurements and *I-V* curves.\
(a) EL spectra of deep-UV LED samples without Al NPs (black line) and with Al NPs deposited on the top surface at 75° (red line) as well as the enhancement ratio between them (blue line). The EL measurement was performed from the bottom side of the LEDs. (b) Current versus applied voltage (*I-V* curves) of samples A (black line) and D (red line).](srep04380-f5){#f5}
